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The cos 2φ azimuthal asymmetry of unpolarized dilepton production at the Z-pole
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We calculate the Boer-Mulders effect contribution to the cos 2φ azimuthal asymmetry of unpolarized dilepton
production near the Z-pole. Based on the tree-level expression in the transverse momentum dependent factor-
ization framework, we show that the corresponding asymmetry near the Z-pole is negative, which is opposite
to the asymmetry in the low Q2 region, dominated by the production via a virtual photon. We calculate the
asymmetry generated by the Boer-Mulders effect near the Z-pole at RHIC, with
√
s = 500 GeV. We find that the
magnitude of the asymmetry is several percent, and therefore it is measurable. The experimental confirmation
of this sign change of the asymmetry from the low Q2 region to the Z-pole provides direct evidence of the chiral
odd structure of quarks inside an unpolarized nucleon.
PACS numbers: 13.85.Qk, 13.88.+e, 14.70.Hp
I. INTRODUCTION
The cos 2φ angular distribution of dilepton production in
unpolarized hadron collisions h1h2 → ℓ+ℓ− + X belongs to
the remaining challenges which need to be understood from
QCD dynamics [1]. According to the Lorentz structure of
the hadronic tensor, one can write down the differential cross-
section of dilepton production as [2, 3]:
dσ
dΩd4q
= WT (1 + cos2 θ) +WL(1 − cos2 θ)
+W∆ sin 2θ cos φ +W∆∆ sin2 θ cos 2φ . (1)
Here q is the virtual photon or Z boson’s four momentum, and
dΩ = d cos θdφ is the solid angle of the lepton ℓ in terms of
its polar and azimuthal angles in the center-of-mass system
(c.m.s.) of the lepton pair. The coefficient functions WT,L,∆,∆∆
depend on the invariant mass Q, transverse momentum qT ,
and the rapidity y of γ∗/Z. After the solid angle dΩ is inte-
grated over, the differential cross-section with respect to q has
the form
dσ
d4q
=
8π
3
(2WT +WL) . (2)
Therefore, the angular distribution of the lepton pair is defined
as
dN
dΩ =
dσ
dΩd4q
/
dσ
d4q
. (3)
Equivalently, another often used convention for the dilepton
angular distribution is
dN
dΩ =
3
4π
1
λ + 3
(
1 + λ cos2 θ + µ sin 2 θ cosφ
+
ν
2
sin2 θ cos 2φ
)
. (4)
Comparing (1) and (4) yields following relations
λ =
WT − WL
WT +WL
, µ =
W∆
WT +WL
, ν =
2W∆∆
WT +WL
. (5)
Of particular interest are the angular distribution given by
the λ and ν terms. To αs order of perturbative QCD, a calcu-
lation [4] in collinear factorization showed that these coeffi-
cients satisfy:
2µ + λ − 1 = 0 , (6)
the so-called Lam-Tung relation [3, 5], which has attracted
considerable attention. Fixed-order pQCD calculations [6] at
order α2s , as well as QCD resummation calculations [7, 8]
to all orders in collinear factorization, indicate that viola-
tions of (6) are very small. However, early measurements
on π−N → γ∗ + X → ℓ+ℓ− + X processes by the NA10 [9]
and E165 [10] Collaborations at √s = 19 and 23 GeV, show
large positive values of ν, near 30%, indicating a sizable vi-
olation of the Lam-Tung relation. The relation has also been
tested in pp and pd Drell-Yan processes by the E866/NuSea
collaboration [11, 12] at √s = 38.7 GeV, and very recently in
pp¯ → γ⋆/Z + X → l+l− + X by the CDF Collaboration [13]
at
√
s = 1.96 TeV.
Several attempts have been made to interpret these data, in-
cluding QCD vacuum effects [14, 15] and higher-twist mech-
anisms [16, 17]. In Ref. [18] Boer demonstrated that the
product of two transverse momentum dependent (TMD) Boer-
Mulders functions h⊥1 (x, p2) [19] can produce unsuppressed
cos 2φ asymmetries that correspond to a violation of the
Lam-Tung relation. Several theoretical and phenomenologi-
cal studies[20–31] along this direction have been put forward.
Those studies are mainly concentrated on the Q region much
lower than the Z mass, where the lepton pair is produced via
a virtual photon. In this paper, we will study the phenomenol-
ogy of the cos 2φ asymmetry in the Z-pole region. We will
show that the behavior of the cos 2φ asymmetry coming from
the Boer-Mulders effect in the Z mass region is very different
from that in the low Q region.
2FIG. 1: Angular definitions of unpolarized Drell-Yan process in the
lepton pair center of mass frame.
II. DESCRIPTION OF cos 2φ ASYMMETRIES IN TERMS
OF BOER-MULDERS FUNCTIONS
The process we consider here is the dilepton production via
a γ∗/Z boson in the unpolarized hadron collision:
h1(P1) + h2(P2) → γ∗/Z(q) + X → ℓ+(ℓ) + ℓ−(ℓ′) + X . (7)
The angular distribution coefficients λ, µ, ν (or WT,L,∆,∆∆) in
this process are generally frame dependent. In the following
we will use the Collins-Soper (CS) frame [32], as shown in
Fig. 1. This frame is the c.m.s of the dilepton, and in addi-
tion the z-axis is chosen to be along the bisector of momenta
P1 and −P2. In principle one can also choose the Gottfried-
Jackson (GJ) frame [3]. The advantage of CS frame in our
study is that in this frame the Lam-Tung relation is rather in-
sensitive to higher-order corrections [6] and resummation ef-
fects [7]. Besides, it is more widely used in theoretical and
experimental studies, so that the comparison with other works
is straight forward.
In the TMD factorization framework, the cos 2φ angular de-
pendence arises from the coupling of the Boer-Mulders func-
tions, which depend on the intrinsic transverse momentum,
and appear in the decomposition of the TMD parton correla-
tion function for an unpolarized hadron [19]:
Φ(x, pT ) = 12
[
f1(x, p2T )n/+ + h⊥1 (x, p2T )
σµν pµT n
ν
+
M
]
. (8)
Here n+ = (0, 1, 0T) is a light-like vector expressed in the
light-cone coordinates, in which an arbitrary four-vector a is
written as {a−, a+, aT }, with a± = (a0 ± a3)/
√
2 and aT =
(a1, a2). The Boer-Mulders function describes the transverse
polarization of the quark inside a unpolarized nucleon, and
thus is chiral-odd. Despite its time-reversal odd nature, h⊥1
can be nonzero, due to inital/final state interactions [33–37]
between the struck quark and the spectator of the nucleon.
These studies have motivated the model calculations, as well
as the lattice analysis, of the Boer-Mulders functions for nu-
cleon [38–51] and pion [20, 21, 52–54]
The detailed derivation of the angular dependent differential
cross-section of reaction (7) in the TMD factorization frame-
work has been given in Refs. [18, 55]. Here we write down
the final expression, after taking into account both of photon
and Z boson contributions:
dσ(h1h2 → l¯lX)
dΩdx1dx2d2qT
=
α2
3Q2
K1(θ)F1UU
+ [K3(θ) cos 2φ + K4(θ) sin 2φ]F2φUU
}
, (9)
in which only the unpolarized production is included. In the
above equation there are two structure functions contributing
to the cross-section, which have the form:
F1UU =
∑
q,q¯
F
[
f q1 f q¯1
]
, (10)
F2φUU =
∑
q,q¯
F
(2 ˆh · pT ˆh · kT − pT · kT ) h
⊥ q
1 h
⊥ q¯
1
M1M2
 . (11)
The vector ˆh = qT/QT . , and we have used the notation
F [· · ·] =
∫
d2 pT d2 kTδ2(pT + kT − qT )[· · ·]. (12)
Therefore (10) and (11) represent tree-level parton model re-
sults.
The coefficients Ki in front of structure functions have the
form [18]
K1(θ) = 14 (1 + cos
2 θ)
[
e2a + 2glVeag
a
Vχ1 + c
l
1c
a
1χ2
]
+
cos θ
2
[
2glAeag
a
Aχ1 + c
l
3c
a
3χ2
]
, (13)
K3(θ) = 14 sin
2 θ
[
e2a + 2glVeag
a
Vχ1 + c
l
1c
a
2χ2
]
, (14)
K4(θ) = 14 sin
2 θ
[
2glVeag
a
Aχ3
]
(15)
which contain the combinations of couplings
c
j
1 =
(
g jV
2 + g jA
2
)
, (16)
c
j
2 =
(
g jV
2 − g jA2
)
, j = ℓ or a (17)
c
j
3 = 2g
j
Vg
j
A. (18)
The vector and axial-vector couplings to the Z boson are given
by:
g jV = T
j
3 − 2 Q j sin2 θW , (19)
g jA = T
j
3, (20)
where Q j denotes the charge and T j3 the weak isospin of par-
ticle j (for example, T j3 = +1/2 for j = u and T j3 = −1/2 forj = e−, d, s). The Z-boson propagator factors are given by
χ1 =
1
sin2(2θW)
Q2(Q2 − M2Z)
(Q2 − M2Z)2 + Γ2Z M2Z
, (21)
χ2 =
1
sin2(2θW)
Q2
Q2 − M2Z
χ1, (22)
χ3 =
−ΓZ MZ
Q2 − M2Z
χ1. (23)
3The first term in Eq. (9) is azimuthal independent. It gives
the (1 + cos2 θ) and cos θ angular dependence while the later
one vanishes after integration upon the polar angle θ. The
structure function F1UU therefore corresponds to WT given in(1). The second term has a cos 2φ azimuthal dependent term
which contributes to the asymmetry ν 1. As shown in (11), it
arises from the product of the transverse momentum depen-
dent functions h⊥1 from each hadron.
One important feature implied by (11) is that the cos 2φ de-
pendence contributed by the Boer-Mulders effect shows up in
the pure electro-weak process without the need of QCD radia-
tion. It will give a sizable contribution to W∆∆ at low qT . Since
the same effect cannot contribute to WL, its presence violates
the Lam-Tung relation in the low qT region. If we express the
structure function W∆∆ as the sum of the perturbative QCD
effect and the Boer-Mulders effect
W∆∆ = WQCD∆∆ + W
BM
∆∆ (24)
where WBM
∆∆
is proportional to F2φUU , then the combination of
the coefficients yields
2ν + λ − 1 = 4(W
QCD
∆∆
+WBM
∆∆
)
WT +WL
+
WT − WL
WT +WL
− 1
≈ 4W
BM
∆∆
WT +WL
= 2νBM. (25)
Here νBM denotes the cos 2φ asymmetry contributed by the
Boer-Mulders effect, in analogy with the definition of ν in (5).
In the above equation we have used the Lam-Tung relation
2WQCD
∆∆
− WL ≈ 0 (26)
The ≈ sign follows the fact that higher order perturbative con-
tributions still give a very small contribution. As explained
previously, this contribution can be minimized by choosing
the CS frame. At low qT , there is WL ≪ WT , then we can
arrive at following expression for νBM:
νBM(qT , y, Q) =
2WBM
∆∆
WT
≈ 2F
2φ
UU
F1UU
(27)
The approximation in the above equation comes from the tree-
level expressions (10,11) for F1UU and F2φUU , that is, we do not
consider the soft factor in the TMD factorization formula. We
will comments on this approximation in the next section.
An important feature exposed by (14) is that the cos 2φ an-
gular dependence contributed via the Z boson has an opposite
sign compared with the one contributed via a virtual photon.
This can been seen from the fact that e2a > 0, while
ca2 =
(
gaV
2 − gaA2
)
< 0 for all flavors. (28)
1 In principle there can be also a sin 2φ azimuthal dependence. However, it
is 1/Q2 suppressed compared to the cos 2φ dependence and can be ignored
here.
The minus sign in the above equation comes from the odd
permutation of gamma matrices in calculating the hadronic
tensor coming from the Boer-Mulders effect:
Tr
(
σαβ Vµ σρσ Vν
)
(29)
where Vµ = gVγµ + gAγ5γµ denotes the Z-boson-fermion ver-
tex.
At low Q the dilepton production via virtual photon dom-
inates. However, as the dilepton mass approaches the Z bo-
son mass, the production via Z-boson becomes important and
dominates over that via virtual photon (the second term in
(14) is suppressed in the Z mass region compared with the
third term). Thus one expects to observe the sign reversal of
νBM (or, equivalently, the combination 2ν + λ − 1 that can be
measured by experiment) from the low Q region to the Z-pole
region. The sign reversal of νBM is due to the chiral-odd na-
ture of the Boer-Mulders function, and is a special feature of
the Boer-Mulders effect as a source of the Lam-Tung relation
violation. Therefore, the experimental detection of the sign
reversal of 2ν + λ − 1 is a clear evidence on the existence of
chiral-odd quarks inside the unpolarized nucleon. The exper-
iments can be conducted at hadron colliders with unpolarized
beams, and thus this allows to study the spin structure of the
nucleon without polarized beams.
III. NUMERICAL RESULTS
We will show that RHIC [56] at BNL is ideal for mea-
suring the sign-reversal of νBM. The pp Drell-Yan process
in the RHIC-spin program is mainly dedicated to polarized
proton beams, although a spin-averaged measurement is still
allowed. At RHIC, with the highest center of mass energy√
s = 500GeV, the experiments can probe the region x ∼ 0.2
(corresponding to the mid-rapidty of the vector boson) as the
dilepton mass is near the Z-pole. We will present the predic-
tion for 2νBM, since it is equal to 2ν + λ − 1, and the later is
the observable that can be directly measured by experiments.
For the Boer-Mulders functions needed in the calculation,
we adopt the parametrization [57] extracted from the unpolar-
ized pd and pp Drell-Yan data at 0 < qT < 2 GeV measured
by E866/NuSea Collaboration at FNAL. The E866/NuSea ex-
periment covers the region 4.5 < Q < 15 GeV (exclud-
ing the Υ resonance region) with a center of mass energy√
s = 38.7 GeV. Therefore the x region near the Z-pole at
RHIC is similar to that of the E866/NuSea experiment. Also
RHIC is a proton-proton collider where the dilepton is pro-
duced by the annihilation of valence and sea quark from each
hadron, just like the case of the E866/NuSea experiments. The
kinematical cuts applied in the calculations are:
−1.5 < y < 1.5, 0 < qT < 2GeV, (30)
where y = 12 ln(x1/x2) is the rapidity of the γ∗ or Z boson. The
reasons to choose a low pT cut are twofold. First at low qT the
corrections from QCD are small, therefore the approximation
in (27) is valid. The other is that in at this special low qT
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FIG. 2: (a): The Q-dependent cos 2φ asymmetry in pp → γ∗/Z + X → ℓ+ℓ+ − X process at RHIC. (b): The qT -dependent cos 2φ asymmetry in
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FIG. 3: (a): The Q-dependent cos 2φ asymmetry in pp → γ⋆/Z + X → ℓ+ℓ− + X process at RHIC. (b): The qT -dependent cos 2φ asymmetry
in the unpolarized pp → γ∗/Z + X → ℓ+ℓ−X process at RHIC for different Q values
region the intrinsic transverse momentum of partons is more
relevant, thus the tree-level result for νBM is justified.
In Fig. 2a we plot the prediction for νBM (scaled with a fac-
tor of 2, in order to correspond to the size of the Lam-Tung
relation violation) as a function of dilepton mass Q at RHIC
for
√
s = 500 GeV. The result clearly shows that the value
of 2νBM is positive as Q < 60 GeV, while it reverses sign to
be negative as Q > 75 GeV, and reaches −5% at the Z-pole.
In Fig 2b we plot the prediction for 2νBM as a function of
transverse momentum of the dilepton qT , for Q = 50 GeV
and Q = MZ . Again it shows a sign reversal of 2νBM at
two different Q value. The magnitude of the 2νBM peak at
QT = 1GeV falls at higher qT . The qT shape of the asym-
metries indicate that the intrinsic transverse momentum of the
parton plays a significant role at low qT , and can give a sub-
stantial contribution. In Fig. 3a we plot the y-dependent re-
sults of 2νBM for Q = 50 GeV and Q = MZ , and in Fig. 3b
we plot the y-dependent results of 2νBM for 30 < Q < 45 GeV
and 75 < Q < 110 GeV. An observation from these two
figures is that the magnitude of 2νBM increases as the rapidity
increases. Our theoretical predictions suggests that the magni-
tude of 2ν+λ−1 is sizable near the Z-pole and is measurable at
RHIC. Therefore an accurate measurement on 2ν+ λ− 1 both
at Z-pole and at a lower dilepton mass region can serve as a
test of the chiral-odd property of quarks inside an unpolarized
nucleon.
Several points need to be addressed here. First, as the evolu-
tion [58] of the TMD Boer-Mulders function still remains un-
clear, we assume that the scale dependences of h⊥1 (x, p2T ) and
the spin averaged distribution function f1(x, p2T ) are the same
in calculating νBM, which was also adopted before in the ex-
traction of the Boer-Mulders function [57]. We would like to
admit that the evolution of h⊥1 (x, p2T ) can be more complicated
than that of f1(x, p2T ), as the former one is chiral-odd, while
the later one is chiral-even. Further more, recent quantitative
5calculation [59] on the spin-independent processes demon-
strate that the Collins-Soper evolution of TMD distributions
may be significant. Since νBM is approximately the ratio be-
tween h⊥1 and f1, the evolution effect can only influence our
results quantitatively at most, but not qualitatively. As our
main purpose is to reveal the sign change of νBM between
the low Q region and Z mass region, our assumption on the
scale dependence can be viewed as a reasonable choice. Sec-
ondly, in Eqs. (10,11) we employ a tree-level expression of
the TMD factorization formula, in which the soft factor has
not been considered. Resummation effects [60–62] of soft
gluon radiation in the TMD factorization will lead to a Sud-
dakov factor that alters the tree-level result. The study in
Ref. [61] shows that TMD azimuthal spin asymmetries are
suppressed by this Suddakov factor in the region where qT
is much larger than the intrinsic transverse momentum of the
parton, but still much smaller than Q. In our calculation we
restrict the cut on the transverse momentum of the dilepton as
0 < qT < 2 GeV, where the intrinsic transverse momentum
of partons plays a significant role, and we assume that the tree
level approximation still holds, to avoid Suddakov suppres-
sion. The Suddakov effect is certainly important for azimuthal
observables at higher qT (but still much small than Q) and
should be considered. Based on the uncertainties discussed
above, our result can be viewed as an estimate. Nevertheless,
our study provides a useful understanding of the cos 2φ az-
imuthal asymmetry in the Z mass region from the tree-level
calculation. Very recently, new theoretical analysis given in
Ref. [63] shows that, soft factors appearing beyond tree level
cancel out of the weighted azimuthal asymmetry by employ-
ing Bessel functions. We expect that this newer approach can
be applied to study the weighted cos 2φ azimuthal asymmetry
at the Z-pole to provide a rigorous test on the sign change of
νBM.
IV. CONCLUSION
We study the cos 2φ angular dependence of dilepton pro-
duction at the Z-pole. We show that, due to the chiral-odd na-
ture of Boer-Mulders function, the Boer-Mulders effect will
cause a sign change of 2ν+λ− 1 (or equivalently, 2νBM) from
the low Q region to the Z mass region. This is a special signa-
ture of the Boer-Mulders effect as a source of violation of the
Lam-Tung relation. Therefore, the experimental detection of
the sign reversal of 2ν + λ − 1 will serve as a clear evidence
of the existence of chiral-odd quarks inside an unpolarized nu-
cleon. Using a recent extracted set of Boer-Mulders functions,
we predict the sign and magnitude of νBM near the Z-pole at
RHIC with
√
s = 500 GeV, based on TMD factorization. Our
analysis at the low Q and Z mass regions shows that this sign
reversal can be detected if the Boer-Mulders effect indeed is
a source of Lam-Tung relation violation. A dedicated mea-
surement on both of the size and the sign of the Lam-Tang
violation at RHIC in a wide Q range therefore provides valu-
able hint on the dynamics of the cos 2φ azimuthal dependence
in dilepton production.
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